In this paper, a three-dimensional (3D) impact-angle-control guidance law is proposed based on the approaches of nonsingular terminal sliding mode control and fixed-time convergence theory to intercept a maneuvering target. The guidance law is derived based on the coupled 3D engagement dynamics. To intercept the target with an expected impact angle, the nonsingular terminal sliding mode control is designed to ensure that the line-of-sight (LOS) angles and rates rapidly reach the desired values. Furthermore, the fixedtime convergence algorithm is proposed to guarantee that the LOS angles and rates are convergent in fixed time. The upper bound of the settling time can be obtained by presetting the parameters of the proposed guidance law, and it is independent of the initial conditions. The stability of the guidance system is proven via Lyapunov stability theory. The simulation results are presented to validate the efficiency and superiority of the proposed guidance law.
I. INTRODUCTION
The guidance law plays an important role in the missile defense system, since it guides the missile to successfully intercept the target. In recent decades, much attention has been paid to the guidance law for intercepting maneuvering targets in terminal guidance [1] . There is a great demand for advanced guidance laws based on modern control techniques. The proportional navigation guidance law (PNGL) [2] has been widely used, since it is easy to implement in practice and has good interception performance for stationary or slowmoving targets. However, the performance of the PNGL will degrade when intercepting maneuverable targets [3] . To satisfy the high demands of damage ability with maneuvering targets, many modern robust guidance laws have been developed based on nonlinear control methods, such as Lyapunovbased nonlinear guidance law [4] , H ∞ control guidance law [5] , and adaptive control guidance law [6] , [7] .
Furthermore, to obtain better interception performance, guidance laws with terminal impact angle constraints are also of paramount importance [8] . The issue of intercepting a The associate editor coordinating the review of this manuscript and approving it for publication was Jun Hu . target with a desired terminal impact angle has been studied for a few decades. Various methods, such as the optimal guidance law [9] , modified time-varying PNG [10] and suboptimal guidance laws [11] , were proposed to satisfy the impact angle requirement. However, the guidance laws in [9] - [11] are sensitive to the time-to-go variable, and its exact value is difficult to obtain [12] . To solve this problem, sliding mode control (SMC) was used to satisfy the requirements of small miss distance and terminal impact angle without estimating the time-to-go [13] , [14] .
Until now, the SMC method [15] has been widely used to design controllers of many complex nonlinear systems [16] , [17] because of its good robustness to the uncertainty of the system parameters and external disturbances. Nonlinear guidance laws were proposed to satisfy the desired impact angle constraint based on the conventional SMC in terminal guidance [18] . However, the conventional SMC approach can only guarantee that the system asymptotically converges. To achieve the finite-time convergence in the sliding phase, the terminal sliding mode control (TSMC) [19] , [20] has been used, whose sliding mode manifold is a nonlinear function. Effective impact angle guidance laws were proposed based on TSMC [21] , [22] . Furthermore, VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ to avoid the singularity problem, nonsingular terminal sliding mode control (NTSMC) was used to design 2D [23] , [24] and 3D [8] , [25] - [27] finite-time guidance laws with the impact angle constraint against stationary or maneuvering targets. One of the key issues in finite-time stability is to estimate the settling time, which is a function that depends on the initial conditions of the system. Generally, different initial values result in different convergence times and different estimations. Furthermore, the initial conditions of many practical systems may be difficult to accurately obtain or impossible to know in advance, which causes the inaccessibility of the settling time and deteriorates the system performance. This issue limits its practical application.
In recent years, the fixed-time stabilization concept has been proposed [28] . Compared with the finite-time convergence, the fixed-time stability provides an explicit estimation of the settling time, which is irrelevant to the initial conditions, and it is valuable in engineering applications. Zuo [29] proposed a fixed-time terminal sliding mode control approach for a class of second-order nonlinear systems. Based on Zuo [29] , Li and Cai [30] proposed a singularity-free terminal sliding mode control scheme with fast and fixed-time convergence. However, the convergence time of the nonsingular fixed-time terminal sliding mode controller in [30] is not optimal, and the methods to circumvent the singularity are very complicated. Inspired by the attractive feature of the fixed-time stability theory, it has been used in attitude tracking control [31] and fault tolerant control [32] for spacecrafts. In [33] , a nonsingular fixed-time consensus protocol of second-order multi-agent systems was proposed. However, the application of the fixed-time stability control to design the guidance law is rare. An adaptive fast NTSM guidance law is proposed based on the fixed-time convergence theory to intercept maneuvering targets with the terminal angle constraint [34] . A guidance law with fixed-time convergence is proposed based on the terminal function by Gao and Cai [35] . However, the guidance laws mentioned above are designed based on 2D dynamics, the realistic pursuit-evasion engagement occurs in 3D space, and the existing 2D guidance laws are not easily applied to the 3D engagement case. Hence, the study of 3D guidance laws with fixed-time convergence has practical significance.
The traditional approach to design the 3D guidance law is proposed by decoupling the engagement dynamics into two mutually orthogonal 2D engagements. Compared with the traditional approach, the guidance law designed without decoupling the engagement dynamics will be close to reality, and the performance of the guidance law will be improved [36] .
Motivated by the above discussion, a 3D fast fixed-time convergent NTSM guidance law with the impact angle constraint based on a nonlinear and coupled engagement dynamics is proposed to intercept a maneuvering target. The impact angles are defined by the elevation and azimuth angles of LOS with respect to the inertial frame of reference. To avoid the singularity problem, a continuous piecewise function is used to construct the terminal sliding mode. The adaptive terms are introduced into the guidance law to estimate the accelerations of the target.
The main contributions of this paper are concluded as follows. (1) A fast fixed-time convergent NTSM manifold is proposed by using a continuous piecewise function. The continuous sliding mode manifold can guarantee the stability of the system without singularity while achieving fast fixed-time convergence independent on the initial conditions. (2) A fast fixed-time nonsingular terminal sliding mode guidance law (FFNTSMGL) with the impact angle constraint is proposed to intercept a maneuvering target. The settling time can be estimated in advance and does not depend on the initial conditions of the engagement, and the stability of the system is proven based on Lyapunov stability theory. The continuous guidance command is achieved by using adaptive terms to estimate the acceleration of the target. (3) The proposed guidance law is designed based on the nonlinear and coupled 3D engagement model. This approach can considerably enhance the performance of the derived guidance law.
The paper is organized as follows: In Section II, the coupled engagement dynamic systems are established, and preliminary concepts are presented. In Section III, the guidance laws based on the fast fixed-time convergent NTSM are derived for maneuvering targets. In Section IV, numerical simulations are presented to evaluate the performance of the proposed guidance law. In Section V, the remarkable conclusions of the paper are summarized.
II. PRELIMINARY CONCEPTS
In this section, the coupled 3D interceptor-target engagement dynamics is presented, and the design objective is discussed.
A. PROBLEM STATEMENT
The 3D interception engagement geometry is shown in Figure 1 . T and M denote the target and interceptor, respectively. In this figure, X I Y I Z I is an inertial reference frame. X M Y M Z M and X T Y T Z T are the velocity coordinate system of the interceptor and target, respectively. r is the relative distance between the target and the interceptor. The interceptor and target have speeds v m and v t , whose directions are defined by angles θ m , φ m and θ t , φ t with respect to the LOS frame. The LOS frame is defined with respect to the inertial frame by θ L and φ L . a ym and a zm are orthogonal lateral accelerations of the interceptor, respectively. a yt and a zt are the lateral accelerations of the target. The 3D engagement dynamics are provided by [4] . 
Eqs. (1) -(3) represent the relative velocity components, and eqs. (4) - (7) give the turn rate in both mutually orthogonal planes.
The desired impact angle of the interceptor-target engagement is defined by two angles θ Lf and φ Lf , which the velocity vector of the interceptor must make with respect to the inertial frame X I Y I Z I of reference at the time of interception.
The main object of this paper is to design a ym and a zm to ensure the interception with the desired impact angles θ Lf and φ Lf in fixed time.
Based on (1) - (7) , the problem of designing the guidance law with the impact angle constraint can be transformed into deriving a guidance law, which guaranteeṡ
From (8), it can be concluded that the problem of controlling the impact angle with the interception of targets reduces to a problem of simultaneously controlling the LOS angles and their rates to their desired values in both elevation and azimuth planes.
Assumption 1 [3] : During the time horizon of the guidance process,ṙ (t) < 0, 0 < r (t) < r (0), t > 0.
B. DYNAMICS OF THE LINE-OF-SIGHT
From the previous subsection, the problem of controlling the impact angle is equal to controlling the LOS angles and their rates. We can derive the dynamics of θ L and φ L relating to the control inputs a ym and a zm .
To obtain the dynamics between the control input and the LOS angle θ L , eq. (2) is differentiateḋ
Substituting eqs. (4) and (6) in eq. (9), we obtain
Substituting eqs. (1) and (3) in eq. (10), we obtain
Similarly, to derive the dynamics of φ L , by differentiating eq. (3), we obtaiṅ
Now substituting eqs. (4)-(6) in eq. (12) and combining with eqs. (1)- (2), we obtain (13) Unlike the decoupled engagement dynamics, the dynamics of θ L and φ L in eqs. (11) and (13) are nonlinear and strongly coupled, and the second terms in both eqs. (11) and (13) represent the coupling effect between the dynamics in elevation and azimuth directions. From (13) , the lateral acceleration of interceptor a zm affects both elevation direction and azimuthal direction.
The dynamics of θ L and φ L can be written as
where
Control input u is multiplied by matrix B. To derive the guidance laws, B should be nonsingular during the engagement. Therefore, angles θ m , φ m are assumed not to be equal to ± π 2 , and r = 0. According to Assumption 1, we have r ≥ r 0 during the terminal guidance phase, where r 0 is the minimum action distance of the seeker. VOLUME 7, 2019 Assumption 2: In (15), we suppose that the lumped external disturbance D is bounded, i.e., D ≤ , where is an unknown positive constant.
Remark 1: Suppose that during the terminal guidance process, the relative velocity between the interceptor and the target is negative. In addition, the interceptor intercepting target by impact occurs when r = 0 but belongs to an interval [r min , r max ].
III. GUIDANCE LAW DESIGN
In this section, a novel fast fixed-time convergent stable control approach is proposed, and the settling time can be estimated independent on initial conditions. Then, a fast fixed-time nonsingular terminal sliding mode guidance law (FFNTSMGL) with the impact angle constraint is proposed to intercept maneuvering targets. A continuous piecewise function is introduced to avoid the singularity problem, and the adaptive switching control gain is used to eliminate chattering in the sliding mode manifold. The fixed-time stability of the proposed guidance system states is demonstrated by Lyapunov stability theory.
A. FIXED-TIME CONVERGENT STABLE SYSTEM 1) DERIVATION OF FIXED-TIME CONTROL
In 2012, Polyakov [28] proposed a fixed-time stability concept as follows.
Lemma 1 [28] : Consider the systeṁ
where x ∈ R n , F (x, t) : U → R n is continuous in an open neighborhood D ∈ R n of the origin, and F (0, t) = 0. For any given initial time t and initial state x 0 ∈ U , there exists a time T (x 0 ) that makes each solution x (t) = x (t; t 0 , x 0 ) of system (18) satisfy the following relationship
Then, the equilibrium point of system (18) is a finite-time convergence. Furthermore, the origin is said to be a fixed-time stable equilibrium point if it is globally finite-time stable with a bounded settling time function
Motivated by [34] , a novel fast fixed-time stable system is proposed, and it has faster convergence rate than the existing fixed-time convergence control approach in [29] , [30] . Moreover, the formula for the upper bound of the system convergence time is provided.
Theorem 1: Consider the following equation:
Then, system (20) is fixed-time stable, and the settling time T is bounded by
Proof: System (20) can be rewritten as
Let y = 1 + ln |z| for |z| > 1 and y = |z| 1−m 2 and y = |z| 1−m 2 for |z| ≤ 1. Then, eq. (22) can be written as
Therefore, the upper bound of the convergence time can be estimated by solving eq. (23).
Let
That is,
The proof is completed. Moreover, for m 1 1, a less conservative upper-bound estimation for the settling time can be obtained as
Remark 2: Compared with the finite-time stable system, the fixed-time stable system (20) can achieve stabilization within the bounded settling time independent on initial conditions. The settling time can be preset by selecting the appropriate parameters.
2) PERFORMANCE ANALYSIS
In 2015, Zuo [29] proposed a fixed-time stable systeṁ
where α 0 > 0, β 0 > 0; m 1 , n 1 , p 1 , q 1 are positive odd integers that satisfy m 1 > n 1 and
In 2018, Jiang et al. [32] proposed a fixed-time stable systemż
, α 0 > 0, β 0 > 0, and m 1 , n 1 , p 1 , q 1 are positive odd integers that satisfy m 1 > n 1 and
Since the inequality ln 1 + α 0 β 0 ≤ α 0 β 0 holds, the fixed-time stable system (27) achieves faster convergence faster than system (26) .
Similarly, in expression (21) of the settling time, since the inequality ln (l 1 + l 2 ) l 1 < l 2 l 1 holds, the convergence rate of the fixed-time stable system presented in this paper is faster than that of system (27) .
Therefore, the convergence time of (20) is shorter than that of (27) proposed by Zhang and (26) proposed by Zuo.
Remark 3: System (20) adaptively adjusts the convergence process by using the variable power terms sig k 1 z and sig k 2 z. Therefore, the system achieves fast convergence both far away from and at a close range to the origin and has the shortest convergence time of the three.
The above systems are compared to show the superiority of the fixed-time stable system in this paper. Consider the following fixed-time stable systems:
(1)ż = −l 1 sig k 1 z − l 2 sig k 2 z, which is proposed in this paper, with l 1 = 2, l 2 = 2, m 1 = 9/7, m 2 = 7/9. (2)ż = −α 0 z k − β 0 z p 1/ q 1 , which is proposed by Zhang, with α 0 = 2, β 0 = 2, m 1 n 1 = 9/7, p 1 q 1 = 7/9.
with α 0 = 2, β 0 = 2, m 1 n 1 = 9/7, p 1 q 1 = 7/9. Figure 2 (a) shows the convergence time of these systems under the identical initial condition z = 5. The convergence time of the proposed fast fixed-time stable system is smaller than that proposed by Zhang and Zuo. second-order system is presented, and the sliding mode manifold is constructed as
and η is a small positive constant.
When s = 0,ẋ = −α 1 x k 1 − β 2 ϕ (x) is obtained. The proposed fast fixed-time nonsingular terminal sliding manifold (28) and its corresponding dynamics are both continuous. The derivative of s is obtained aṡ
The sliding manifold is switched into the general sliding manifold in the quadratic function form when x is steered into the region of |x| < η. Therefore, the singularity drawback is avoided.
2) FAST FIXED-TIME NONSINGULAR TERMINAL SLIDING MODE GUIDANCE LAW
Using the fast fixed-time convergence nonsingular terminal sliding mode manifold that we constructed, guidance laws u 1 for the guidance system in eq. (14) are proposed.
Our objective is to intercept the target with a prespecified impact angle in fixed time. Define θ Lf and φ Lf as the desired LOS angles; the LOS angle error vector is x =
, and the LOS angle error vector rate isẋ =
An appropriate sliding manifold is selected as follows:
The derivative of s iṡ
Considering a fast fixed-time terminal sliding mode reaching law (45), one obtainṡ
, n 1 > 1, q 2 = n 2 +1 2 + 1−n 2 2 sign (|s| − 1), 1 2 < n 2 < 1, and α 2 , β 2 are positive constants. This reaching law ensures the fast convergence to the designed sliding manifold s from arbitrary initial conditions. Then, a fixed-time guidance law with impact angle constraints can be derived.
Substituting (37) into (45), we have
where ξ ≥ , sign (s) = sign (s 1 ) sign (s 2 ) T .
In Assumption 2, it is supposed that the external disturbance D is bounded, and D ≤ . However, the upper bound of D including a yt , a zt , θ t , φ t cannot be accurately measured or estimated, which causes an overestimation of the robust gain ξ . To solve these problems, another modified adaptive guidance law is derived.
Consider these conditions, D is assumed to be bounded, and there are two unknown constants ε 1 and ε 2 such that
T are estimated values of ε. The error values arẽ
Then, a modified continuous adaptive fast fixed-time nonsingular terminal sliding mode guidance law is given by
with the adaptive updated laẇ ε = δQs (48)
, sat (s 2 )), s = [s 1 s 2 ] T , δ 1 > 1 and δ 2 > 1 are small positive design parameters. Note that the guidance law eq. (46) is a discontinuous controller, since the existence of the signum function introduces the undesirable chattering problem. To alleviate chattering, the discontinuous function sign(s) is replaced by the function sat(s).
where h is a small positive constant. A smaller value of h corresponds to a better approximating effect.
C. STABILITY ANALYSIS
Before verifying the fixed-time convergence of the proposed guidance law, the following lemmas are particularized for further application.
Lemma 2 [28] : Consider the nonlinear system in (18) . Suppose that there exists a Lyapunov functionV (x) and constants a, b,
Then, the trajectory of this system is practically fixed-time stable. The residual set of the solution in eq. (18) is given by
, where φ is a scalar and satisfies 0 < φ ≤ 1. Moreover, the time required to reach the residual set is bounded by
. Lemma 3 [32] : For any
Considering the systems in (1)-(7), if eq. (33) is selected as the sliding mode manifold, and the guidance law is selected as (47) with the adaptive update law (48), then variables s andε are bounded. The trajectory of the system will converge to a small neighborhood of the equilibrium point within a bounded fixed time.
The settling time T 1 satisfies
where q 1 = n 1 +1 2 + n 1 −1 2 sign (|s| − 1), n 1 > 1, q 2 = n 2 +1 2 + 1−n 2 2 sign (|s| − 1), 1 2 < n 2 < 1, and 0 < φ ≤ 1. Proof: Consider the following Lyapunov function
Based on (47) and (48), the dynamics of the sliding mode manifold is given bẏ
The time derivative of V 1 along the trajectory of eqs. (1)-(7) results iṅ 
bounded. Therefore, both sliding mode manifold s j (j = 1, 2) and estimation errorε j (j = 1, 2) are bounded. Since q 1 ≥ 1 and 0 < q 2 < 1, we have (q 1 + 1) 2 > 1 and (q 2 + 1) 2 < 1. According to Lemma 3, we havė
where ϑ (ε) = α 2 ε Tε (q 1 +1) / 2 + β 2 ε Tε (q 2 +1) / 2 with boundedε j (j = 1, 2) . Assume that there are an unknown constant ε 0 and a compact set D 0 such that D 0 = {ε| ε ≤ ε 0 }. Then, we havė
From Lemma 2, the trajectory of the guidance system (14) tends to be practical fixed-time stable. Residual set M is calculated as
The settling time is given by
Therefore, the proof is completed. VOLUME 7, 2019 Remark 4: When the discontinuous function sign(s) is replaced by the function sat(s), the controller (46) converts to the form u s = −B −1 (N + G + α 2 sig (s) q 1 + β 2 sig (s) q 2 + ξ sat (s)) where ξ ≥ . Consider the following Lyapunov function V s = 1 2 s T s. The time derivative of V s along the trajectory of eqs. (1)- (7) in the paper results iṅ
Thus, the system with guidance law u s is stable. From Theorem 2, variables s 1 , s 2 andε 1 ,ε 2 are bounded. Then, Theorem 3 is proposed, which can guarantee that x 1 , x 2 converge to the regions near the origin in fixed time.
Theorem 3: Consider system (14), if (33) is selected as the sliding mode manifold and (47) as the guidance law, the system states converge to the origin in fixed-time T s , and the system is fixed-time stable.
Proof: Consider the following Lyapunov function
The time derivative of V s along eqs. (1)- (7) yieldṡ
From eq. (46), one can obtainε j (t) ≥ε j (0) > 0, j = 1, 2. Select a sufficiently largeε j (0) and δ j that satisfies δ j ≥ 1 + µ +ε 2 j (0) ε j (0)j = 1, 2, where µ is a small positive constant. Then
From (62), we havė
If s ≥ 1, then the inequality can be written aṡ
If s < 1, then the inequality can be written aṡ
Then, according to Theorem 1, the time system (14) reaches the proposed sliding mode manifold as
After the system reaches the sliding mode manifold s=0, the guidance system states converge to the small neighborhood of zero. The stability analysis is as follows:
Consider the following Lyapunov function
The sliding mode manifold is s i =ẋ i + α 1 x k 1 i + β 1 |x i | k 2 sign (x i ). When the system reaches the sliding mode manifold s i = 0, the system state satisfieṡ
The derivation of V x1 can be written as followṡ
Based on Theorem 1, the state variables are stabilized in a bounded time
Similarly, when the state variables enter the region |x i | ≤ η, i = 1, 2, the state variables settle down to the region
Then, the convergence time can be obtained
The sliding mode manifold is s i =ẋ i + α 1 x k 1 i + β 1 r 1 x i + r 2 x 2 i sign (x i ) . When the system reaches the sliding mode manifold, the system states satisfẏ
One can obtain
Similarly, one can obtain the convergence time in which the state variables enter the region |ẋ i | ≤ α 1 ε k 1 i + β 1 ε k 2 i i = 1, 2, which is identical to (74). The proof is completed.
Remark 5: Note that the convergence accuracy of the guidance system states x 1 and x 2 are affected by the guiding law parameters. Furthermore, according to (33) , the choice of values affects the efficiency of solving the problem of singularity. We should select a small η when the value of x
Remark 6: To determine the sliding manifold and guidance law, the parameters α 1 , β 1 , m 1 , m 2 and α 2 , β 2 , n 1 , n 2 can be selected based on the trade-off between the convergence time and the performance.
IV. SIMULATION RESULTS
In this section, numerical simulation results are presented to evaluate the performance of the proposed guidance law in this paper. These results validate the claim of achieving the desired impact angle in fixed time under different engagement situations; an interceptor with a time-varying speed is taken into account in the terminal guidance phase against a maneuvering target.
The desired final LOS angle angles θ Lf , φ Lf are given, and the acceleration u m is computed according to eq. (47).
The maximum lateral accelerations that the interceptor can achieve in both directions are limited as follows.
where a M max = 40g is the maximum allowable acceleration. We select three different cases for target accelerations to compare. Case 1. a yt = 20 sin(2t)m/s 2 , a zt = 20 cos(2t)m/s 2 Case 2. a yt = a zt = 20m/s 2 Case 3. a yt and a zt are the step signals with an amplitude of 30m/s 2 at t = 4s.
The initial position of the interceptor and target with the desired impact angles are listed in Table 1 . The parameters of the proposed controller are selected as: m 1 = n 1 = 9/7, m 2 = n 2 = 7/9, α 1 = 0.8, β 1 = 0.8, α 2 = 200, β 2 = 800, η = 0.1, δ 1 = δ 2 = 100, and h = 0.1.
To analyze the superiority of the proposed fixed-time guidance law, the typical existing 3D guidance laws, i.e., the conventional sliding mode control guidance law (CSMCGL) [36] and the nonsingular terminal sliding mode control guidance law (NTSMCGL) [25] , are compared. • The conventional sliding mode is provided as
The CSMCGL is provided as
The parameters in (79) are set as C = diag (1.5, 1.5), η = 40, M = diag (0.75, 0.75), and K = diag (1, 1)
• The nonsingular terminal sliding mode is provided as
where ϕ, λ, and η are positive constants; 0 < r < 1. The NTSMCGL is provided as
The parameters in (82) are set as β = diag(2, 2), p = 9, q = 7, k 0 = 0.5, H 0 = diag (1.5, 1.5), and β = 0.5.
Both CSMCGL and NTSMCGL are designed for the same coupled 3D engagement system in this paper, so N in eqs. (79) and (82) is identical to that in (40). According to the selected parameters, the upper bound of the convergence time is T s = 7.45s.
Simulation results are shown in Figure 3 and Figure 4 . the curves of the interceptor accelerations and sliding mode manifold. The interceptor accelerations are in a reasonable range with no chattering phenomenon caused by the target maneuvering in the terminal phase. However, the larger target maneuvers may cause acceleration saturation. The above analysis shows that the guidance law performs well for different target maneuverings. The analysis also fully validates the effectiveness and anti-interference capacity of u m .
B. INTERCEPTION WITH DIFFERENT INITIAL ELEVATION ANGLES
In this part, simulations are carried out to intercept maneuvering targets with different initial elevation angles of the interceptor. The lateral acceleration of the target is provided in Case 3.
The initial elevation angles θ m (0) are chosen as 5 deg, 15 deg, and 30 deg. The initial azimuth angles φ m (0) are chosen as 5 deg. Figure 5 (a) shows the engagement trajectories; all interceptors can successfully intercept the target. Figure 5(b) shows the curves of LOS angles and LOS rates. θ L and φ L for all conditions converge to the desired values within a bounded certain time, which are independent of the desired LOS angles and can be estimated in advance. Similarly, the LOS ratesθ L andφ L in Figure 5 (c) can be driven to zero within a certain time interval, and they achieve fast fixed-time convergence regardless of the initial conditions. Figure 5(d) shows the interceptor acceleration profiles and curves of sliding modes. We find that the interceptor accelerations are in the reasonable scale with no chattering and peak phenomena caused by the target maneuver in the terminal phase. Figure 5 (e) shows the curves of the sliding mode manifolds in different situations.
C. SENSITIVITY ANALYSIS
In this part, simulations are carried out by using different parameters in the proposed guidance law. The initial elevation and azimuth angles of the interceptor are θ m (0) = 15 deg and φ m (0) = 5 deg. The lateral accelerations of the targets are provided in Case 2. By selecting the different values of m 2 and n 2 , the control effect can be achieved. The simulation results are given in Figure 6 .
It can be observed in Figure 6 (a) and 6(b) that all the LOS angles and LOS rates can converge to desired values with different values of m 2 , the desired LOS angles and LOS rates occur earlier for bigger values of m 2 . From Figures 6(c) , the duration of the saturation phenomenon would decrease with the increase of the numerical value of m 2 . It can be concluded that the proposed guidance law performs well under different parameters. In addition, the guidance performance is more sensitive to the parameter m 2 than m 1 . Therefore, only the simulation results by using different values of m 2 are given.
D. COMPARISON WITH OTHER GUIDANCE LAWS
In this part, simulations are carried out to intercept maneuvering targets with different guidance laws to evaluate the superiority of the guidance law proposed in this paper. guidance laws, and all interceptors can successfully intercept the target although the flight paths of the interceptor vary. Figure 7(b) shows the curves of LOS angles; guidance law u m ensures that θ L and φ L converge to the desired values. However, u 2 and u 3 cannot guarantee that θ L and φ L exactly converge to the desired values. The errors of the LOS angles are shown in TABLE 2. Similarly, Figure 7 (c) shows a good convergence performance of LOS rates under u m . In addition, the LOS angles and rates under u m obviously have faster convergence speed and better performance than the others. The accelerations are presented in Figure 7(d) . By using different guidance laws, all accelerations of the interceptors are in the reasonable scales. The accelerations of the interceptor produced under u m are larger than those under u 2 and u 3 . The larger acceleration of the interceptor under u m can promise that the LOS angles and LOS rates have preferable convergence performances. TABLE 2 provides the simulation results including the interception time and miss distance. The interception time and miss distances derived by u m are less than those under u 2 and u 3 . Therefore, u m can improve the guidance precision of the interception despite intercepting the maneuvering targets.
Moreover, we have compared the curves of the computation efficiency of this algorithm with CSMCGL and NTSMCGL in Figure 7 (f) and observed that they are almost identical. The good computation efficiency can be obtained by our proposed algorithm. This proposed guidance law does not have a larger computational burden than the other guidance laws. Thus, the algorithm design is reasonable. The simulation time using u m , u 2 and u 3 is 2.9891s, 3.4360s, and 3.1970s, respectively; the proposed guidance law has the shortest simulation time.
The aforementioned simulations and analysis demonstrate that the proposed guidance law exhibits better performance and smaller guidance error than other laws. As a result, this law is beneficial to real implementations.
V. CONCLUSION
In this paper, a novel 3D fast nonsingular terminal sliding mode guidance law based on the theory of fixed-time convergence is presented to intercept maneuvering targets considering the impact angle constraint. The guidance system can be stabilized in bounded settling time independent on initial states and has high intercept accuracy with smooth profiles due to the application of adaptive switching gains. The simulation results show that the interceptor can effectively intercept the maneuvering targets for different target maneuvers and different interceptor initial elevation angles in fixed time. The setting time and desired impact angles can be selected in advance to satisfy the practical requirement. Compared with two finite-time convergent guidance laws CSMCGL and NTSMCGL, the proposed guidance law can achieve a fast fixed-time convergence rate, a small guidance error against unknown target maneuvers, and a better interception performance with higher accuracy. The guidance law that fully considers the system lag and missile autopilot dynamics will be considered in the future, and the conclusions of this paper can be further studied.
